Monthly gridded fields predominantly based on global Argo in situ temperature and salinity data are used to analyze the density-compensated anomaly of salinity (spiciness anomaly) in the pycnocline of the subtropical and tropical Pacific Ocean between 2004 and 2011. Interannual variability in the formation, propagation and fate of spiciness anomalies are investigated. The spiciness anomalies propagate on the isopycnal surface σ θ = 25.5 along the subtropical-tropical pycnocline advected by the mean currents. They reach the Pacific Western Tropics in about 5-6 years in the Southern Hemisphere and about 7-8 years in the Northern Hemisphere. Their amplitude strongly diminishes along the way and only very weak spiciness anomalies seem to reach the equator in the Western Tropics. A complex-EOF analysis of interannual salinity anomalies on σ θ = 25.5 highlights two dominant modes of variability at interannual scale: i) the former shows a variability of 5-7 years predominant in the Northern Hemisphere, and ii) the latter displays an interannual variability of 2 to 3 years more marked in the Southern Hemisphere. The significant correlation of this second mode with ENSO index suggests that spiciness formation in the southeastern Pacific (SEP) is affected by ENSO tropical interannual variability. A diagnosis of the mechanisms governing the interannual generation of spiciness in the SEP region leads the authors to suggest that the spiciness interannual variability in the sub-surface is linked to the equatorward migration of the isopycnal outcrop line σ θ = 25.5 into the area of maximum salinity. Quantitative analysis based on Turner angle reveals the dominance of the spiciness injection mechanism occurring through convective mixing at the base of mixed layer.
Introduction
To a first-order approximation, a spiciness anomaly along a constant potential density surface (by reference to the surface pressure) is a linear combination of temperature and salinity anomalies weighted by thermal contraction and haline expansion coefficients respectively, on condition that the spatial and temporal variations of both coefficients are small [Tailleux et al., 2005] . Given that temperature and salinity anomalies are compensated on a given isopycnal surface, observing spiciness comes to observing temperature-or salinity-anomalies on a constant isopycnal surface. Spiciness anomalies have thus to the first order, neither density nor pressure signature. So, they are advected like a passive tracer in the thermocline mean circulation from the subtropical eastern region, where they are generated from the surface mixed layer (ML), towards the western boundary in the tropics or directly into the equatorial band [e.g. : Lazar et al., 2001; Yeager and Large, 2004; Luo et al., 2005; Laurian et al., 2006; Nonaka et Sasaki, 2007; Doney et al., 2007] .
The generation and propagation of salinity (or temperature) anomalies on potential density surfaces from the subtropical to tropical regions have recently been investigated in numerous model studies [e.g. Lazar et al., 2001; Lazar et al., 2002; Schneider, 2000; Yeager and Large, 2004; Luo et al., 2005; Laurian et al., 2006; Nonaka and Sasaki, 2007; Doney et al., 2007; Laurian et al. al. [2009] explained spiciness subduction in the north eastern subtropical Atlantic by the same mechanism.
On the other hand, from Argo float measurements, Yeager and Large [2007] proposed that the vertical mixing at the base of the mixed layer was responsible for the injection of spiciness. In the spiciness formation regions of SEP between 15°S and 35°S, a weak stratification in winter coincides with a large and destabilizing vertical salinity gradient, favored by higher salinity at the surface than at the pycnocline depth in the area of maximum SSS in the subtropics Large, 2004, 2007; Luo et al., 2005] . The destabilization of the buoyancy profile in the winter mixed layer leads to both convective boundary layer mixing and generation of a strongly densitycompensated layer at the base of the mixed layer within the pycnocline. These authors computed the vertical Turner angle (Tu) [Ruddick, 1983; You, 2002] so as to quantify the degree of density compensation of the T-S gradients of an upper-ocean water column and to identify spiciness injection during the late winter of each hemisphere. Although both processes have been associated with the formation of spiciness anomalies in the southern subtropical mixed layer [Luo et al., 2005] , the complete characterization as well as the interannual variability of spiciness generation and the links with atmospheric and oceanic variability are still open issues that will be addressed in this study.
In the western tropical Pacific Ocean, the fate of spiciness anomalies ventilated in the interior pycnocline is also a key issue to be addressed for gaining more insight into the subtropic pycnocline remote connections with other regions. According to ventilated thermocline theory [Luyten et al., 1983; Liu, 1994] , the thermohaline properties advected by the mean circulation either Capotondi et al., 2005; Luo et al., 2005] , or recirculate poleward in the western boundary currents [Zang and Liu, 1999] as shown in the north Atlantic Ocean by Laurian et al. [2006] .
The following feedback mechanism between subtropical and tropical regions was proposed by Gu and Philander [1997] : the thermocline bridge ventilates heat anomalies subducted from the subtropics into the equatorial band and impacts the equatorial SST; then, the tropical and extratropical winds are in turn affected and feed back the influx in subtropics. Using a simple model these authors demonstrated that these processes can lead to decadal to inter-decadal oscillations. In OGCM model studies of the Pacific Ocean, Schneider [2000, 2004] qualitatively showed the existence of such a feed-back generated by spiciness anomalies artificially injected in the western tropical Pacific. Although, an artificial fresh (salty) spiciness anomaly introduced in the equatorial band amplifies (weakens) the amplitude of ENSO, the subtropical-tropical spiciness feed-back remains weak in this model and enhances only a slight decadal modulation of the tropical variability.
Indeed, some studies reveal that spiciness anomalies are probably strongly attenuated along their path toward the equator both in the Northern Hemisphere (between σ θ =25-25.5 kg.m -3 ) [Sasaki et al., 2010] and in the Southern Hemisphere for the South Pacific Eastern Subtropical Mode Water (SPESMW; σ θ =24. 5-25.8 kg.m -3 anomalies in the subtropical and tropical pycnocline of the Pacific Ocean are investigated by using a sufficiently dense set of temperature-salinity profiles from Argo floats, moorings measurements and CTD. Section 2 of this paper introduces the data and analysis method. The interannual variability of spiciness anomaly propagation within the Pacific thermocline in both hemispheres is addressed in Section 3. Section 4 describes the characteristics and interannual variability of spiciness anomaly formation in the SEP generation zone. At last, a synthesis and discussion of the main results of the study are proposed.
Data and Method
This study uses monthly gridded fields of temperature and salinity obtained with ISAS (In Situ Analysis System), an optimal estimation tool designed for the synthesis of the ARGO global dataset For the purpose of spiciness analysis, the ARIVO monthly fields in z-coordinates was reinterpolated in sigma coordinates with Δσ θ = 0.01 kg.m -3 (Fig. 2) . Then, the monthly mean climatology of salinity on isopycnal surfaces was computed to remove the seasonal cycle and to produce interannual anomalies of salinity on a isopycnal surface. Thus, the variability of salinity due to vertical motion of isopycnal surface is removed, and only density-compensated anomalies are considered. The ARIVO product is estimated on a vertical grid with spacing of 10 m in the pycnocline that allow the vertical resolution of anomalies. Note that the salinity anomalies were computed on isopycnal surfaces only within the extreme equatorward outcrop of the isopycnal surface between 2004 and 2011. Thus, only the interior salinity anomalies are considered, i.e. they are not in contact with the surface.
In this study, the mean Montgomery potential and geostrophic velocities on isopycnal surfaces were computed following McDougall and Klocker ([2010] , with use of GSW V2.0 library).
The reference level for mean geostrophic velocities between 2004-2011 is the surface dynamic topography MDT_CNES-CLS09 based on GRACE (Gravity Recovery and Climate Experiment), satellite altimetry and in situ measurement [Rio et al., 2011] combined with AVISO Sea Level Anomalies (SLA) [Ducet et al., 2000] for the period 2004-2011. Encouragingly, in the subtropicaltropical Pacific Ocean, we obtain the same geostrophic velocities using the reference level of surface dynamic topography from Maximenko et al. [2009] as done by Sasaki et al. [2010] , or using the MDT_CNES-CLS09 product.
The statistical description of the interannual salinity patterns on a given isopycnal surface 8 of 36 177 178 and of the mixed layer depth is performed with Complex Empirical Orthogonal Functions (CEOFs).
The C-EOFs algorithm ( [Barnett, 1983] ; routine from http://hydr.ct.tudelft.nl/wbk/public/hooimeijer) makes an EOF analysis on a Hilbert-transformed time-space series of data. Whereas classical EOF analysis captures only stationary patterns, C-EOF analysis finds co-varying patterns, which are phase-lagged in time and space, and catches them in a same propagating pattern.
The buoyancy change due to temperature and salinity is expressed as follows:
where
is an ocean reference density, g is the gravitational acceleration, α and β are the coefficients of expansion for temperature and salinity, respectively. In regions of large vertical inversion of salinity (e.g., the region of sub-tropical SSS maxima), the stratifying effect of ΔT is significantly counteracted by the destabilizing salinity ΔS , which leads to a weakly stable buoyancy profile. When the effects by the destabilizing salinity profile and by the stabilizing temperature profile are opposed and equal in absolute value, they are compensated in density.
Moreover, when the stabilizing effect of temperature profile is less that the destabilizing effect of salinity profile, the buoyancy profile is gravitationally unstable, and thus generates convection and vertical mixing. In this study the degree of density compensation of vertical T and S gradients is quantified by the Turner angle [Ruddick, 1983; Yeager and Large, 2007] : 
Salinity anomalies
The interannual variability of salinity on σ θ = 25.5 is associated in both hemispheres with the propagation of salinity anomalies along the gyre stream functions. In order to show the robustness of such propagating salinity anomalies, the mean annual salinity anomalies greater than 0.3 PSS in absolute value are plotted for each of the 8 years of available data ( Fig. 4 ; the anomalies of interest are color shaded in blue and red for negative and positive anomalies, respectively). In the Northern
Hemisphere, the negative salinity anomaly already reported by Sasaki et al. [2010] In the Southern Hemisphere, it is worth noticing that the positive salinity anomaly observed in 2008 in the SEP decreases rapidly, becoming lower than 0.03 PSS before it reaches the central southern Pacific. In contrast, the negative anomalies are more robust in both Hemispheres. There is also some indication suggesting that negative salinity anomalies could reach the western equator.
For instance in 2010-2011 negative anomalies are observed in the equatorial band, mostly in the south, consecutively to the arrival of negative salinity anomalies coming from both the Southern and Northern Hemisphere (Fig. 4a ).
In order to characterize the population of salinities anomalies, we plotted the distribution of yearly salinity anomalies by amplitude classes (Fig. 5a ) and the mean longitude for each class of salinity anomalies ( propagation, the positive anomalies are slightly less robust than the negative anomalies, but the time series is still too short and the number of events still too low to make a robust statement.
Propagation velocity
In order to quantify the velocity at which salinity anomalies propagate, the distance-time diagrams of salinity anomalies on σ θ = 25.5 were plotted along the 6 m isopleth in the Southern Hemisphere (Fig. 6 ). In the Northern
Hemisphere (Fig. 6a) , the salinity anomalies show speeds of propagation towards the western tropics accelerating from 0.01 to 0.12 m.s ). In this diagram we recognize the salinity anomalies previously described (section 3.2 and Fig. 4 ).
The 0 km origin is the extreme northward position occupied by outcropping line σ θ = 25.5 between 2004 and 2011. Since the maximum of spiciness anomalies appears at a distance of 500 km away from the outcrop in a layer which is never in contact with the surface, it suggests the interior generation of spiciness. The stationarity of anomalies in the first 4000 km might thus be explained by the interior generative process of injection during the late austral winter that produces a sudden rise of saline anomalies as for example during austral winters 2007 and 2010.
Interannual variability
In order to infer the space-time scales associated with the dominant propagating patterns, a C-EOF decomposition was applied to the interannual anomaly of salinity on the σ θ = 25.5 surface and over the whole Pacific Ocean. The two leading modes explain a significant part (45.8%) of the salinity variance between 2004 and 2011, the first mode accounting for 32.2% (Fig. 7a) , and the second mode for 13.6% (Fig. 7b) . The two leading modes are intensified in the eastern subtropics, with maximum amplitude of 0.12 PSS (Fig. 7a) for the first one, and more than 0.6 PSS for the second mode (Fig. 7b) . A C-EOF analysis performed separately in each hemisphere produces spacio-temporal patterns similar with the present analysis (not shown). The two-hemisphere CEOFs are preferred since they better represent the basin-wide spatial covariances. The two leading C-EOF modes are sufficient to reconstruct most of the spiciness signal in the generation and propagation areas (compare Fig. 6 and 8 ).
The first mode captures a low frequency variability of about 5-7 years as seen in the time series of the principal component (Fig. 7c) . Given the spatial structure of the modes, this variability is mostly expressed in the NEP, but also in the SEP generation zone (Fig. 7a) . The time series of the principal component of the real and imaginary parts of the second mode (Fig. 7d ) indicate a higher frequency (2-3 years) mainly found in the SEP and the eastern equatorial band (Fig.7b) . , which are in good agreement with the mean current velocities. In contrast, as seen previously, the second C-EOF mode fails to show a coherent spiciness propagation (Fig. 8b) . The major pattern of the reconstructed signal is thus explained by the first mode (Fig. 8c ).
In the Southern Pacific, the first C-EOF mode (Fig. 8d) , from the subtropics to tropics, respectively, in agreement with the mean current speed.
Although the salinity anomalies on σ θ = 25.5 propagate towards the equator at comparable speeds in both hemispheres, the salinity anomalies strongly weaken before they reach the western tropical Pacific. Furthermore, our analysis highlighted two frequencies of generation: i) a 'low' frequency variability with a 5-to 7-year time-scale dominant in the Northern Hemisphere, and ii) a 2-to 3-year time-scale that modulates the Southern Hemisphere signal. It is worth recalling that the tracking of the ENSO index by the second C-EOF mode of variability suggests a link between both spiciness formation in the Southern Hemisphere and interannual variability between 30°N-20°S and ENSO atmospheric and/or oceanic dynamics. On the other hand, the first mode of C-EOF, which is dominant in the Northern Hemisphere, may be associated with a lower generation frequency likely ruled by PDO climate variability [Schneider, 2004; Killpatrick et al., 2011] . line. This is confirmed in Figure 11 where we observe that a significant part of the salinity anomalies are generated north of the outcrop position, suggesting a subsurface injection of spiciness in the interior pycnocline.
Generation of spiciness in the South Eastern Pacific

Processes of generation
In the SEP, the increase of salinity between August and October occurs on subducted isopycnals that are positioned just below the base of the mixed layer and which are therefore slightly denser than the sea surface density. The Figure 12 represents the density of grid points as a function of σ θ = 25.5-SSD distance (abscissa) and of the late winter spiciness generation (ordinate)
for points located in the region of maximum salinity contoured in black line in Figure 10 (Fig. 12) when negative anomaly rises in the SEP. Therefore, in the SEP, the late winter subduction fails to explain the bulk of subsurface formation of the strongest positive salinity anomalies between 35°S
and 15°S. The same statement was made by Yeager and Large [2004] from numerical simulation studies. It drove them to propose that sub-surface injection of salinity is achieved through convective mixing at the base of the mixed layer in late winter.
In numerical models, density-compensated anomalies in the SEP are injected by vertical mixing at the base of the mixed layer together with the destabilizing effect of the vertical gradient of salinity [Yeager and Large, 2004; Luo et al., 2005] . The Turner angle is measure of density compensation, it can be used to characterize areas of spiciness formation. Yeager and Large [2007] evidenced The high values of bulk Turner angles (Tu b > 70° in Fig. 13 ) are located in the south-eastern sector of the maximum SSS (see Fig. 9 ) in the density-compensated formation zones of the SEP.
The maximum-SSS regions play a key role in the spiciness formation since they are area of strong destabilizing vertical salinity gradient [Blanke et al., 2002; Luo et al., 2005; m. The imaginary part (Fig. 15c) of the first C-EOF mode displays a maximum of variance in the Southern Hemisphere, while the real part variance (Fig. 15b) (Fig. 15d) . These observations suggest a link between ENSO variability and the mixed layer depth in the SEP.
According to the ARIVO analysis, the most intense density-compensated generation is observed on σ θ = 25.5 (Fig. 14) over the austral winters of 2007 and 2010 that follow the peaks of El-Niño in the tropical Pacific. These observations are in favor of a potential control of spiciness injection in the remote subtropical region of the SEP by atmospheric interannual variability. The remote connection and coupling between equatorial ENSO variability and subtropical subduction need to be addressed to better understand the interannual and decadal variability and its potential coupling with a spiciness mode [Schneider, 2000] In conclusion, a stronger winter cooling produces a more equatorward excursion of the outcropping of density surfaces and deeper mixed layer due to a greater surface buoyancy loss. It allows a greater convection at the base of the mixed layer because of the destabilizing effect of the vertical gradient of salinity, which positively feeds back the deepening of the mixed layer.
Subsequently, a larger amount of density compensated water masses are injected in the interior density layers that do not outcrop when the late winter mixed layer is deepest in the SEP. Therefore, the mixed layer depth could also be an indicator associated with spiciness generation in the SEP large, 2004, 2007] .
Summary and discussion
The unprecedented dataset provided by the Argo float measurements is used to observe the interannual variability of spiciness in the Pacific pycnocline between 2004 and 2011. During this 8 years period, spiciness anomalies appear in the north-eastern and south-eastern Pacific and propagate towards the western tropics. They are mainly advected by the mean currents within the pycnocline in both hemispheres, but their amplitude strongly decreases along the way. In the Northern Hemisphere, three strong anomalies (2 negative and 1 positive) were observed on σ θ = 25.5. In the Southern Hemisphere, four anomalies were generated in the SEP (2 positive and 2 negative). This result corroborates the previous numerical model and recent observational studies Schneider, 1999; Yeager and Large, 2004 ; Luo et al., 2005; Nonaka and Sasaki, 2007; Sasaki et al., 2010; Ren and Riser, 2010] . (not shown). The stochastic atmospheric forcing of the surface ocean at mid-latitude may also contribute to the generation of spiciness anomalies in the NEP [Hasselmann, 1976; Kilpatrick et al., 2011] . Thus, the spiciness generation mechanism in the NEP region is not fully resolved, even though the PDO variability is suspected to play a key role in the control of the decadal time-scale of winter generation of spiciness. It would be worth carrying out further studies based on longer time series as could be done in numerical models.
This study addressed for the first time the interannual variability of intra-pycnocline spiciness anomaly in the Southern Hemisphere. The variability of the spiciness signal on the σ θ = 25.5 is found to be higher in the SEP than in the NEP, and significantly correlated with ENSO variability. In the eastern basin between 32°S-15°S, the bulk of density-compensated anomalies is clearly generated in the interior pycnocline during the austral winter on σ θ = 25.5 through enhanced vertical mixing at the base of the mixed layer because of destabilizing effect of vertical salinity profiles Large, 2004, 2007] . On interannual time scales, the late winter subduction process [Nonaka and Sasaki, 2007] [Kessler, 1999; Capotondi et al., 2005] , or variability of the South Equatorial Current (SEC) associated with El-Niño variability [Kessler, 1999] .
The lack of match between the first mode of C-EOF in the Southern Hemisphere and the mean velocity field, in particular in the western Tropical Pacific north of 15°S is in favor of other mechanisms than spiciness propagation in the tropical western Pacific. For example, previous studies [Capotondi et al., 2005; Clarke et al., 2007; Clarke, 2010] have highlighted the role of baroclinic adjustment of the equatorward pycnocline transport, which results from westward travelling equatorial Rossby waves. Coupled model experiment and observations have also shown
Hemisphere tropical shadow zone, which could lead to the attenuation of the spiciness on its main path. Moreover, the dispersion of tracer and/or vertical double-diffusivity [Johnson, 2006; Sato and Suga, 2009] and horizontal eddy mixing could erode the spiciness signature along their path [Fukumori et al., 2004 ; Sasaki et al., 2010] . Finally, the fate of spiciness reaching the boundary currents remain unknown. From a high-resolution numerical-simulation of Salomon Sea pathway of western boundary currents, Melet et al. [2011] demonstrated that water masses leaving the north Vitiaz straight for the equatorial currents are suspected to loose their spiciness signature because of intense horizontal mixing during their travel across the Salomon Sea. Sustained Argo observations in the near future should provide a remarkable tool to investigate these issues on a time-scale longer than the interannual one.
Though we observed the arrival of a weak fresh anomaly into the western tropics potentially liable to impact the freshwater and heat budget of the equatorial thermocline, the lack of longer time series prevented us from observing the impact of interannual anomalies generated after 2007 and from testing the hypothesis of a Southern Hemisphere subtropical ENSO weak feedback [Schneider, 2004] . For the moment, inferring such a spiciness mode in the Pacific ocean [Gu and Philander, 1997; Schneider, 2004; Liu and Alexander, 2007] as well as the potential link between the decadal spiciness variability with long-term ENSO modulation [Deser et al., 2004; Schneider, 2004; Choi et al., 2009 ] is still difficult. The potential source of extra-equatorial spiciness for the fresh water and heat of the equatorial upwelling [Fukumori et al., 2004] is however suggested by our data. For the moment, the present observations confirm the numerical results obtained by Schneider [2004] : only very weak interannual spiciness anomalies reach the tropical Pacific, which seriously compromises a significant impacts on the equatorial heat and freshwater budget as well such a spiciness mode in the Southern Hemisphere.
In conclusion, this study demonstrated the benefits offered by the Argo dataset for the monitoring of monthly to interannual variability (8 years, here) of complete subsurface hydrological structure of the upper 2 000 m depth of the Pacific Ocean. In the near future, the sustained Argo array of profiling floats would provide a remarkable tool to infer the decadal variability in the whole Pacific thermocline and a potential spiciness mode at this time scale. Figure 8: Distance-time diagram of salinity anomaly (in PSS) reconstructed using the first (a), second (b) and both (c) C-EOF modes of salinity anomalies in the Northern Hemisphere, on σθ = 25.5 surface along the 6 m2.s-2 mean Montgomery function isopleth (see Fig. 2 ). First (d), second (e) and sum of both (f) C-EOF patterns of salinity anomaly (in PSS) in the Southern Hemisphere on σθ = 25.5 surface along the 6.5 m2.s-2 mean Montgomery function isopleth (see Fig. 2 ). The distance is counted from the most equatorward outcrop position of the σθ= 25.5 in the NEP and SEP zones, towards the western boundary. Dashed black curves are the characteristics of the mean velocity along the given isopleth. The vertical gray line materialize the 10°N and 10°S latitude. 
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